Abstract: This work presents theoretical and experimental studies of the processes of light field transformations upon frequency-nondegenerate fourwave mixing (NFWM) in a nonlinear Fabry-Perot interferometer (FPI). The principal aims are the development of a theory for intracavity four-wave mixing in complex molecular media in conditions of scattering from dynamic gratings and resonator feedback; determination of a mechanism of light field transformations in dynamic holograms, and also by nonlinear interferometers; working out and introduction of novel nonlinear-optical methods to control the characteristics of light beams. High diffraction efficiency (up to 13.5%) with simultaneous infrared-to-visible frequency conversion of coherent images has been experimentally obtained by intracavity NFWM.
Introduction
Nonlinear FPIs are promising devices to study basic physical phenomena, finding wide application in all-optical communication systems. Their most attractive characteristic is enhancement of the nonlinear dielectric function of a material due to photon confinement within the cavity that may be used, e.g., in dynamic holography [1] [2] [3] . Theoretical and experimental investigation demonstrated the advantage of using interferometers with different materials [4] [5] [6] . Recent calculations have shown that the diffraction properties of transmission Bragg gratings are greatly improved when the index-modulated medium is embedded in FPI [7] . And with the simultaneously fulfilled Bragg condition and Fabry-Perot resonance the performance of the intracavity device is greatly enhanced in comparison with that of a bare sample.
In this work the experimental and theoretical studies of intracavity four-wave mixing in complex molecular media have been performed using a nonlinear system that includes FPI. For theoretical description of typical experimental situations we have used a round-trip model of a nonlinear interferometer adapted to the geometry of NFWM, that can be realized in the scheme of oblique incidence of pump, signal and probe beams on front and back mirrors of the cavity. The theoretical model includes both resonant and thermal nonlinearities of organic dye giving rise to light-induced dynamic gratings of the absorption coefficient and refractive index. The model for the processes of intracavity NFWM has been applied when analyzing the efficiency of light beam conversion by means of Bragg diffraction from the intracavity dynamic gratings. NFWM has been experimentally realized in FPI using polymethine dye 3274U solution as a nonlinear material. The diffraction efficiency of intracavity dynamic gratings has been studied depending on the intensity of interacting beams and resonator parameters. Also, the coherent image frequency conversion has been realized, for the first time to our knowledge, with simultaneous phase-conjugation.
Theoretical model
In this paper we compare the schemes for spectral conversion of laser radiation based on linear and quadratic recording of dynamic holograms in organic dye solutions. A dynamic hologram is recorded by the signal,
, and reference,
, waves. Reading is performed by the wave
at the doubled frequency (Fig. 1) . In case of linear hologram recording, polarization responsible for the generation of the wave d E at the doubled frequency ω 2 may be given as
. Then, the phase-matching condition
corresponds to a decrease in the angle between the diffracted and reading waves relative to the angle between the beams involved in a hologram recording [ Fig. 1(a) ]. At quadratic recording of a dynamic hologram [ Fig. 1(b) ], the diffraction efficiency is determined by the second-order components of the medium susceptibility series expansion in harmonics of the dynamic gratings. The induced nonlinear polarization is written as For theoretical description of the above-described interaction schemes we assume that the medium absorbs radiation at frequency ω , being transparent at a doubled frequency. The wave d E is formed due to diffraction of the reading wave 2 E from the thermal dynamic grating written by the signal and reference waves. Further analysis will be performed taking a three-level model for the resonant medium that includes nonradiative and radiative transitions both in the principal and excited singlet channels ( 1 0 S S − and 2 1 S S − ). As in the experiment the intensity of interacting waves is, as a rule, considerably lower than the saturation intensity of the excited channel, we allow for saturation of the main resonance transition but in conditions of linear absorption from the excited level. Based on a system of kinetic equations for the level population and Kramers-Kronig (dispersion) relations for the refractive index and absorption coefficient, the total nonlinear (resonance and thermal) susceptibility of the medium for the systems under consideration can be given as follows 
where
determines a saturation intensity of the resonance
In these equations the parameters are defined as follows: ), 21 P -total probability of spontaneous and nonradiative transitions in channel 2 1 − ,
For the considered case of co-propagating signal and reference waves (Fig. 1) , the set of equations describing the interaction for both schemes of recording dynamic holograms has the following form [9]: ( )
It should be noted that the resonator feedback is realized at the doubled frequency for reading and diffracted waves, and is absent at the principal frequency ω for signal and reference waves. Such a situation occurs with the use of spectrum selective mirrors reflecting the radiation at frequency ω 2 and being transparent at ω . Then, we can realize the concept of multiple reading of intracavity dynamic gratings that may lead to an increase in the energy percentage when a reading wave is converted into the diffracted one. With the use of the classical formula for multiple interference in the Fabry-Perot etalon [10], generalized to the case involving losses, one can obtain the expression for the intensity of transmitted wave: 
is the phase shift, L -cavity length, ϑ -angle between the optical axis of interferometer and propagation direction of light beams and V determines the intensity losses of the wave 2 E in a single pass of the cavity, 2 1 , R R -reflectivity coefficients of cavity mirrors, 20 I -reading wave intensity at the entrance. When absorption at the doubled frequency is negligible, the losses are determined by diffraction of a reading wave from the intracavity dynamic grating:
is the diffraction efficiency of dynamic grating in a bare sample that can be calculated from the numerical solution of Eq. (3).
We analyzed numerically Eq. (3) and Eq. (4) for the following parameters of the 3274U organic dye in ethanol solution: ) to obtain high-efficiency transmission of the cavity as well as maximal conversion efficiency. Note that a significant increase of the diffraction efficiency takes place especially for low values of the input intensity, and one can achieve a tenfold increase when the reflection coefficients of cavity mirrors are as high as 9 . 0 ≈ R . 
Experimental realization of NFWM and frequency conversion of coherent images
Diffraction of laser radiation under the Bragg conditions at a doubled frequency with copropagating signal and reference waves was experimentally realized in ethanol solution of the 3274U polymethine dye. The experimental setup is shown in Fig. 3(a) . The experiments were performed with an yttrium-aluminum garnet laser activated by Nd 3+ (lasing wavelength Holograms were reconstructed by the second harmonic radiation of the same laser (λ = 532 nm), being practically unabsorbed by the dye solution. The spatially homogeneous portion of radiation was cut out by diaphragm 2. The signal E S and reference E 1 waves were formed by beam splitter 3 and mirrors 8, 9. Reading wave E 2 having a doubled frequency was directed at a small angle relative to reference wave E 1 with the help of mirror 4. An angle (γ≈ 90 mrad) between the propagation directions of the reference wave and signal beam offered overlapping of the interacting waves along the full length of cell 7 containing the dye solution. The total intensity of the recording radiation was changed by filters 6. The intensity of the reading beam was 6 MW/cm 2 . The diffraction efficiency of dynamic holograms was measured by the photodiode recording system 5, 11 with calibrated light filters 10.
We have performed two series of experiments to compare the diffraction efficiency of dynamic gratings in the usual scheme of NFWM using the intracavity and off-cavity configurations. Thickness of the cell with ethanol solution of the 3274U polymethine dye was about L = 500 μ m, and the initial absorption coefficient of the dye was k 0 = 20 cm -1
. A cavity of the Fabry-Perot type with the same thickness was constructed using mirrors with the reflection coefficients R 1 =R 2 =68% for the wavelength corresponding to the reading beam (λ= 532 nm). The measurement results for the diffraction intensity are presented in Fig. 3(b) , both for the off-cavity four-wave mixing (1) and intracavity interaction (2). A negligible absorption of reading and diffracted beams at the wavelength λ = 532 nm leads to a significant increasing diffraction efficiency of dynamic gratings at the doubled frequency. Owing to the cavity configuration, this gain may be increased by several times (Fig. 3(b) , curve 2). Also,
the results of numerical calculations under the conditions realized with this experimental setup are given in Fig. 3(b) , with a normalization factor 3 / pulse eff τ = τ considering that the solution of coupled Eq. (3) gives the diffraction efficiency at the end of a pulse. In these conditions we have obtained a good agreement between the experimental measurements and theoretical calculations. Experimentally we have obtained the infrared-to-visible frequency conversion of coherent images for both configurations: linear and quadratic writing of dynamic holograms by intracavity NFWM (Fig. 4) . The image to be impressed within the sample was carried by the infrared beam E S (1064 nm). A mask was inserted in the beam path. The green image E D (532 nm) was photographed with a CCD camera. As a consequence of the Bragg scattering geometry, the image [ Fig. 4(b) ] was demagnified by a factor of 2 (for the 1 st -order diffraction) relative to the object [11, 12] . In the case of quadratic recording of dynamic holograms (2 ndorder diffraction) we have obtained optical phase conjugation with frequency up-conversion of the coherent image [ Fig. 4(c) ]. To our knowledge this phenomenon has been theoretically considered previously [13, 14] , but its experimental realization was performed and presented in this paper for the first time. 
Summary
In this work the conditions for amplification of dynamic gratings due to the interference effects taking place due to intracavity NFWM in FPI are established. Owing to the resonator feedback, the diffraction efficiency of dynamic holograms recorded in thin layers of dye solutions is enhanced experimentally by several times. Enhancement of the diffraction efficiency of dynamic gratings studied in this paper was used for the development of highly efficient radiation transformation and visualization of IR coherent images. 
